Oxygenic photosynthesis can be described effectively by using two long-standing models: the Zscheme and the chemiosmotic hypothesis. However, these models do not reveal the dynamic nature of the thylakoid membrane and the four major complexes that it binds. T h e composition of the photosynthetic apparatus is continually changing in response to a range of environmental stimuli. In addition, many photosynthetic components have some of the highest turnover rates in
transfer complexes or ancillary factors required for organellar gene expression or cofactor attachment (Table 1) . T h e molecular characterization of these factors is providing new insights into mechanisms underlying the co-ordinated biogenesis of the complex and will allow us to determine whether the expression of such factors is regulated in response to changing growth conditions (for example phototrophic growth or heterotrophic growth). Furthermore, the availability of a null mutant together with the corresponding cloned gene permits the manipulation of the gene product in vivo through the transformation of the mutant with modified versions of the gene. For example, we are currently mutating the PPR motifs in the MCAl protein to investigate their role in stabilizing the petA transcript, and have recently added a C-terminal extension of six histidine residues to the M90 protein with a view to purifying the cytochrome oxidase complex by metal-affinity chromatography (F. Lown, D. Brown and S. Purton, unpublished work). Nature. Changes in composition and turnover of photosynthetic components require the degradation of existing and damaged polypeptides and the resynthesis and co-ordinated assembly of new polypeptides and their associated cofactors. This is achieved by several auxiliary functions, including proteolysis, protein targeting and the action of molecular chaperones. Some of the components involved in these functions, such as translocons, chaperones and proteases, have been identified but many of the auxiliary functions of photosynthesis remain uncharacterized. Among the proteases known to be associated with the thylakoids is the zinc metalloprotease FtsH, which might also act as a chaperone. Here we provide an overview of the thylakoid FtsH protease and discuss its role in the maintenance and assembly of the photosynthetic apparatus.
FtsH protease: an overview
FtsH belongs to the AAA protein superfamily. The existence of this family of proteins involved in a wide variety of cellular processes, such as vesiclemediated protein transport, cell cycle control and control of gene expression, was recognized by Erdmann et al. [l] . Since then, membership of the family has been shown to be extremely widespread, if not universal, in eukaryotes, bacteria and archaea. All AAA family members are characterized by the presence of one or two highly conserved ATPase domains containing Walker A and B ATPase motifs. FtsH is further characterized by the presence of a zinc metalloprotease motif [2] . The ftsH gene was first identified in Escherichia coli [3] , where it encodes a 71 kDa polypeptide with two cytoplasmic-membranespanning a-helices towards the N-terminus. Eukaryotic organellar FtsH homologues were first demonstrated in the mitochondria of Saccharomyces cerevisiae, in which three proteins, YtalOp, Ytal2p and Ymelp, are involved in protein degradation, most notably of the unassembled cytochrome oxidase subunit I1 [7] . The suggestion that this family of protease might act as chaperones during the of membrane proteins also came from mitochondria1 FtsH, which is required for the assembly of the F,F, ATPase [8] .
The existence of a chloroplast FtsH homologue was first demonstrated by Lindahl et al. [9] when an antibody specific to E . coli FtsH was shown to cross-react with a protein in spinach thylakoid membranes. An Arabidopsis cDNA was subsequently isolated that showed extensive homology with bacterial FtsH. Furthermore, this homologue, known as Arabidopsis FtsH1, was targeted to the thylakoid membrane. Topology studies suggested that the chloroplastic FtsHl homologue is an integral thylakoid membrane protein and that its large hydrophilic portion, containing the ATPase and zinc metalloprotease domains, is exposed to the stroma. After the discovery of chloroplast FtsH, Ostersetzer and Adam [lo] reported that the Reiskie FeS protein of the cytochrome b,-fcomplex might be degraded by this protease. Degradation of damaged or unassembled Reiske FeS protein was shown to be dependent on Zn2+ ions; antibodies raised against FtsH inhibited degradation. Chloroplast FtsH has also been implicated in the breakdown of the D1 polypeptide of photosystem I1 (see below).
Recently the existence of a second chloroplast FtsH has been reported in higher plants with the discovery that the var2 mutations, which cause leaf variegation in Arabidopsis, are actually mutations in a gene encoding a homologue of FtsH [11, 12] . The var2 gene is homologous, but not allelic, with the gene cloned by Lindahl et al. [9] . An allelic series of var2 mutants have been characterized by Chen et al. [12] . Of these, var2-1 and var2-2 are the most severe alleles and have leaves that are predominantly white, showing the formation of small islands of green late in development. Chen et al. [12] concluded from their studies on oar2 mutations that the Var2-FtsH homologue functions in chloroplast development, possibly by involvement in one or more processes in the biogenesis of the thylakoid membrane.
Takechi et al. [l 13 came to similar conclusions and
proposed that the Var2-FtsH homologue is required for the developmental regulation of membrane formation and maintenance in plastids but went further to speculate that this might involve the degradation of photo-oxidatively damaged protein complexes. Chloroplast FtsH homologues have been reported for a number of other species besides spinach and Arabidopsis, including tobacco [ 131 and the red alga Cyanidioschyzon merolae
The importance of the FtsH protease in oxygenic phototrophs was further highlighted by the genome-sequencing project of the cyanobacterium Synechocystis sp. PCC 6803, which revealed four open reading frames encoding polypeptides that are homologues of FtsH [15] . We have subjected all four homologues to insertional mutagenesis : whereas two mutations were found to be lethal and a third had no immediately obvious phenotype, a fourth, designated slr0228 : : R, showed altered pigmentation when compared with the wild type [16] . A detailed analysis of the photosynthetic apparatus revealed that the altered pigmentation was due to a 60% decrease in the content of the photosystem (PS) I reaction centre, whereas the other thylakoid pigment-protein complexes, PS I1 and the phycobilisome, remained unaffected during growth at moderate irradiance. The nature of the involvement of the cyanobacterial FtsH homologue in the main-~4 1 .
tenance of PS I is unclear. We have found (S. Bailey and N. Mann, unpublished work) that the remaining PS I reaction centres in the slr0228: :R mutant are functionally competent, although they are very sensitive to photoinhibition at irradiances that do not inhibit wild-type PS I. T h e level of PS I photoinhibition observed in the slr0228 : : R mutant has previously been seen only at low temperatures in wild-type cells.
Role of the FtsH protease in the PS II repair cycle
PS I1 catalyses the oxidation of water, yielding molecular oxygen in a light-dependent reaction.
Although light is the driving force for PS I1 function, it can also be very destructive. T h e D1 polypeptide of PS 11, which along with D2 binds the pigments and cofactors necessary for primary photochemistry [17] , is particularly susceptible to light-induced damage. In relation to this vulnerability the D1 polypeptide has a very high rate of turnover compared with other thylakoid proteins [18] . As part of a PS I1 repair cycle the damaged D1 polypeptide is rapidly degraded and replaced by a newly synthesized polypeptide. This repair cycle is of great importance to oxygenic phototrophs because when the rate of photoinactivation and damage of D1 exceeds the capacity for repair, photoinhibition occurs, resulting in a decrease in the maximum efficiency of PS I1 photochemistry.
A key feature of the D1 repair cycle is the degradation of the damaged polypeptide. It is generally accepted that damaged D1 is initially cleaved at a site on the stromal loop between transmembrane helices D and E, yielding a 23 kDa N-terminal fragment [19] and a 10 kDa C-terminal fragment [20] . After cleavage, the breakdown fragments of D1 are rapidly degraded. Until recently the nature of the initial cleavage and the degradation of the breakdown products of D1 was unknown despite intensive research into the PS I1 repair cycle. However, a role for the thylakoid FtsH homologues in the processing of the D1 polypeptide is now emerging. For example, the Arabidopsis FtsH1 homologue has been implicated in the degradation of the 23 kDa breakdown product of D1 during analysis in vitro [21] . By using isolated thylakoid membranes the breakdown of the 23 kDa D1 cleavage product was shown to be dependent on both A T P hydrolysis and bivalent metal ions, suggesting a role for the FtsH protease. Furthermore, treatment of purified PS I1 core complexes and trypsin-treated thylakoid membranes with purified Arabidopsis FtsHl was shown to facilitate the degradation of the 23 kDa fragment. In addition, our own analysis in vivo suggests that FtsH homologues also function in the initial cleavage of the D1 polypeptide. I t is thought that structural changes within the damaged D I polypeptide initiate this cleavage step [22] ; the temperature dependence of the process [23] and its sensitivity to protease inhibitors [24] indicate the involvement of enzymic proteolysis.
Analysis in vitro suggests a role for GTP [25] and stromal factors [26] in this enzymic cleavage step; one recent study demonstrated the ability of a purified stromal DegP protease to perform D1 proteolysis in isolated thylakoids [27] . In contrast, we have shown that the Var2-FtsH homologue is required in vivo for the initial cleavage of the D1 polypeptide in Arabidopsis (S. Bailey, E. Thompson, P. Nixon, C. W. Mullineaux, P. Horton, C. Robinson and N. H. Mann, unpublished work) . Using the var2-2 mutant, which has a mis-sense mutation at the end of the second transmembrane domain and fails to accumulate the Var2-FtsH homologue in the membrane, we found that photodamaged D1 does not undergo initial cleavage and subsequent breakdown, leading to enhanced photoinhibition. T h e chlorophyll a fluorescence parameter FJF,,,, which measures the maximum efficiency of PS I1 photochemistry, was used to compare the extent of photoinhibition in vivo in detached leaves of wild-type Arabidopsis and the var2-2 mutant after 1 h of either moderate (300 mmol/s per m2) or high (1800 mmol/s per m2) irradiance. At moderate irradiance the wildtype leaves showed no sign of photoinhibition. In contrast, Var2-2 showed a 40% decrease in FJF,. After exposure to high irradiance, the contrast between wild-type and var2-2 photoinhibition was even more pronounced : wild-type leaves showed a 35 % decrease in FJF,, compared with 75% for the var2-2 mutant. Furthermore, the recovery from photoinhibition was notably delayed in var2-2 leaves compared with the wild type. Wild-type and var2-2 leaves were then exposed to the same high irradiance in the presence or absence of the chloroplast protein synthesis inhibitor lincomycin. In the absence of lincomycin the F J F , values of wild-type leaves decreased by 50 yo after 2 h of exposure, before stabilizing. This is to be expected when D1 synthesis matches D1 damage and breakdown [28] . However, in the presence of lincomycin D1 synthesis was inhibited and the wild-type F J F , values decreased rapidly. After only 90 min, wild-type F J F , had decreased by 90%. When the same experiment was performed with the var2-2 mutant, both lincomycintreated and untreated leaves decreased F,/F,,, with the same kinetics as lincomycin-treated wild-type leaves. This observation suggests that the var2-2 mutant is unable to repair damaged D1 polypeptides. Western-blot analysis of the lincomycintreated leaves after exposure to high irradiance for 2 h revealed the complete loss of the D1 polypeptide in wild-type leaves because the degradation of damaged D1 had continued in the absence of synthesis. However, in marked contrast the D1 polypeptide showed almost no loss in the absence of D1 synthesis in the var2-2 mutant. Because there was no accumulation of the breakdown fragment of D1 cleavage, we suggest that the damaged D1 polypeptide does not undergo primary processing in vivo in the absence of the Var2-FtsH homologue. Furthermore, the Synechocystis FtsH mutant, slr0228 : :a, shares exactly the same phenotype as the var2-2 Arabidopsis mutant with respect to photoinhibition and D1 turnover (P. Silva, unpublished work), providing strong support for the suggestion that FtsH is essential for the cleavage of the D1 polypeptide in vivo.
Subfamily of FtsH homologues unique to oxygenic phototrophs
Our analysis of the FtsH mutants var2-2 and slr0228 : :R indicate that both homologues are essential for the initial cleavage of the D1 polypeptide. In addition, these two genes share another feature : a unique domain that is found exclusively in FtsH-like proteins from oxygenic phototrophs. A phylogenetic analysis by Chen et al. [12] , after the characterization of the var2 gene, revealed that the slr0228 gene of Synechocystis is more closely related to the Arabidopsis var2 gene than the Arabisopsis gene encoding FtsH1 , which was cloned by Lindahl et al. [9] . T o investigate further the relationship between Var2 and Slr0228, we aligned amino acid sequences from both homologues along with FtsH1 by using the MACAW program, which employs Gibbs sampling to detect small regions of similarity between sequences. As shown in Figure l(a) , this alignment revealed that Var2 and Slr0228 contain a conserved 3 1 -residue sequence feature that is not present in FtsH1. This domain is located between the two transmembrane helices in an extensive luminal loop. When the sequence of the 31 -residue domain from Slr0228 was used to do a Blast search of the NR database, several hits were returned.
Interestingly, all of the hits were exclusively FtsH homologues from oxygenic phototrophs ( Figure  lb) . This important observation identifies a subfamily of FtsH homologues whose members are restricted to, and are therefore presumably crucial to, the function of oxygenic photosynthetic organisms. Given the extensive similarity between FtsH homologues from all species and their 
